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Abstract: Surface characteristics and corrosion behaviour of bare electrogalvanized steel coated with polymer/nano-silicate particles 
added to the electrogalvanizing bath were studied by scanning electron microscopy (SEM), energy dispersive spectrometer (EDXS) 
and electrochemical impedance spectroscopy (EIS). After applying a barrier polyurethane paint, the paint hardness, porosity, flexibility, 
colour, gloss, blistering and rusting degrees, and anticorrosive protective properties in 0.05 mol·L-1 NaCl solution were also evaluated. 
The results correlated well and, being demonstrative of the very slow deterioration rate of the immersed coated electrogalvanized steel, 
they enabled to assume that if a chemically analogous but thicker coating system was applied; it could be an acceptable alternative in 
real service conditions. 
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1. Introduction  
Electroplated zinc coatings are utilized as active 
galvanic protection for steel. In order to this protection 
is effective longer, it should be taking into account that 
factors such as temperature, pH, current density and 
zinc ions concentration of the galvanizing bath, and the 
physicochemical characteristics of the substrate surface 
influence the mechanism of zinc electrodeposition. As 
well, the addition of organic and/or inorganic additives 
to the electrolytic baths is very important because they 
may be active not only on the coatings growth and 
structure but also making them smooth and shiny. 
Accordingly, the added organic particles and/or oxides 
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such as silica can be adsorbed on the cathodic surface 
changing the activation energy and charge transfer rate 
of the electrochemical reactions controlling the 
electrocrystallization mechanism 
Zinc coatings are electrochemically very reactive 
and, consequently, high corrosion rates are found in 
internal as well as external atmospheres [1]. This 
reason makes necessary applying a post-treatment to 
increase their useful life. In current industrial practice, 
this treatment consists of the plated zinc immersion in a 
chemical bath for depositing a conversion layer. This 
last is a dielectric passive layer with high corrosion 
resistance and also provides a better surface for paint 
adherence. The main problem of traditionally used 
post-treatments is the presence of Cr6+ salts, considered 
toxic and carcinogenic substances whose usage is 
forbidden by European regulations [2].  
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Chemicals based on trivalent chromium [3-5], 
molybdates [6, 7], tungstates [8], permanganates, 
vanadates, zirconium salts [9-11], cobalt salts [12], 
organic polymers [13, 14], rare earth salts doped with 
silane [15-19] and carboxylates [20] are some 
alternatives being tested for the Cr+6-based 
anticorrosive layers replacement. 
Many recent studies have been focused on improving 
the corrosion resistance of non-toxic Cr+3-based 
conversion layers either applying sealing treatments 
and/or adding different additives to the bath [4]. 
However, trivalent chromium compounds such as 
Cr2O3 and Cr(OH)3 could oxidize to hexavalent 
chromium under certain conditions [21]. Consequently, 
it could be argued that the development of new 
conversion treatments should derive towards 
chromium-free and ecologically acceptable products. 
Nevertheless, the formulation, fabrication technology 
and corrosion behaviour of these coatings are still not 
clear and their practical effectiveness are doubtful.  
In this context, inert fillers have been developed to 
improve desirable properties of protective coatings 
such as adhesion and anticorrosive protection. As well, 
it is important to remark that inorganic fillers, as for 
example the silicate materials, present some 
advantages: (1) large surface area and adsorption 
capacity; (2) the chance of controlling adsorption 
properties; (3) channels and cavities in the range of 
many molecules; and (4) molecule identification by the 
unique pore structures. Taking into account these 
characteristics and that the zinc polymer coatings offer 
greater anticorrosive protection than the 
electrogalvanized layer acting alone, those found an 
interesting field of application in the automotive 
industry. Such an enhancement was attributed to the 
synergy between the zinc galvanic protection and the 
polymer presence. Besides, the surface quality 
(controlled texture, uniformity) of products coated with 
a zinc polymer layer not only make them particularly 
useful to fabricate main body visible pieces that have to 
satisfy severe aesthetic requirements after painted but 
also it strengthens the paint adherence.  
In line with the purpose of improving the zinc 
corrosion resistance, it should be noted that when this 
metal is protected by a painting system, its dissolution 
rate is related to the transport of corrosion inducing 
species (oxygen, ions) through the paint layer, the 
charge transfer and/or delamination processes at the 
metal/coating interface as well as to the 
composition-structural changes of the paint layer [22]. 
Moreover, the coated metal performance depends on 
the metal surface preparing, polymeric material, 
interfacial adhesion, environmental aggressiveness as 
well as of the coating crosslinking degree, continuity, 
thickness and composition [23]. 
The organic coatings applying on conversion layers 
are required for producing structures where the zinc 
layer long-lasting is addressed. This process implies to 
apply one or more coats of paint on the metallic surface, 
and then a drying/curing period under, preferably if 
possible, environmentally controlled conditions 
[24-29]. The production and applying processes of 
these polymeric materials usually causes volatile 
organic compounds (VOCs) emissions, which involve 
serious environmental and public health problems. 
European standards impose limits to the VOCs use and 
emission in industrial zones where painting cycles are 
working, reason by which the development of 
waterborne paints started to be considered [30-45]. 
These products basically differ from the traditional 
paints in that the organic solvent content is less than 
10% (w/w), but they offer excellent stability, small size 
particles, can be pigmented using appropriated 
products, and are compatible with a large variety of 
additives and curing agents. Besides, once the paint 
film has cured gives very high hardness and good 
abrasion resistance [44]. Other remarkable 
characteristics are that generally provide thin thickness 
by coat, therefore, the film homogeneity and continuity 
could probably be critical parameters. Nevertheless, 
this kind of problem can be easily overcome by 
applying more coats.  
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In this context, modified polyurethane paints are 
widely used due to their good hardness combined with 
excellent adhesion to metallic substrates, anticorrosive 
properties and weather resistance [46-49]. For all these 
reasons, such paints have been studied by several 
authors, who determined variations of coatings pores 
resistance, coatings dielectric capacitance, polarization 
resistance, double layer capacitance [50-52], and also 
the relationship between electrolyte diffusion through 
the paint coat and the corrosion resistance of the 
underlaying metal [53, 54].  
Selection of anticorrosive schemes for the protection 
of steel pieces creates serious problems to both the 
pre-treatments formulators and the painting system 
designers. When more details about the coating scheme 
itself and the substrate as well as the interactions 
between them are available, higher is the chance to get 
the best formulation for each practical situation. As a 
general rule, the coatings corrosion behaviour is 
evaluated using traditional essays such as Salt Spray 
Chamber [55], Kesternich [56], and/or Saturated 
Humidity Chamber [57], but the faster and objective 
information about the corrosion reactions kinetics 
provided by the electrochemical methods is also very 
important.  
The present work is part of an ongoing research 
program performed at CIDEPINT focused to elucidate 
physicochemical phenomena occurring within and 
under paint coatings, encompassing defects in films, 
porous films, metal/coating adhesion, surface 
treatment and/or pre-treatment’s, corrosion, blistered 
coatings and cathodic protection. A large amount of 
diverse data has been gathered using standardized tests 
as well as electrochemical techniques, and then 
interpreted on the basis of their correlation with a 
number of physicochemical processes that occur in the 
complex coated steel/exposure medium interface. 
The surface morphology, structure and composition 
of electrogalvanized steel sheets containing nano-scale 
filler (SiO2) in the zinc coating were characterized by 
SEM and EDXS. Then, their corrosion performance was 
evaluated in 0.05 mol·L-1 NaCl solution by EIS [58, 59]. 
Replicates of these samples were painted with an 
environmentally friendly barrier topcoat polyurethane 
paint, and both the physicochemical properties of the 
dry paint film and the anticorrosive performance of the 
whole system immersed in the same chloride 
containing solution for 69 days were assessed. 
2. Experiments 
2.1 Samples 
AISI 1010 steel sheets (7.5 cm × 10 cm × 0.1 cm) 
industrially electrogalvanized (zinc layer 10.46 ± 0.22 
μm thick) using a composite coating (ZPOL®), based 
on an acid Zn plating bath added with a polymer 
containing silicate nanoparticles (10 nm average size 
and specific area 600 m2·g-1) kindly supplied by 
ArcelorMittal, were used as metallic substrates. 
Electrodeposition was carried out galvanostatically at a 
cathodic current density of 2 A·dm-2 and a temperature 
of 22 ± 3 °C. Replicates of those electrogalvanized 
steel sheets under the same operation conditions but 
without addition of the composite coating were used as 
bare reference samples. 
Prior to be painted, the electrogalvanized panels 
were extensively cleaned with acetone, ethanol and 
distilled water to remove any surface contaminant. 
Finally, they were coated with a barrier topcoat 
polyurethane-based paint pigmented with TiO2 (rutile) 
and micronized silica mesh 325. The particle size 
distribution, from 0.1 to 10 μm, was checked according 
to the ASTM D 1210-(2010) standard [60]). The paint 
components, characteristics and application method are 
summarized in Table 1. 
2.2 Characterizations 
2.2.1 Morphological Analysis  
The characterization of the pre-treated 
electrogalvanized steel (ZP) samples morphology was 
accomplished by Scanning Electron Microscopy (SEM) 
using a Philip model SEM 505 with ADDAII system, 
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while its composition was determined using Energy 
Dispersive X-Ray Spectroscopy (EDXS) with a Si 
detector and 20 keV energy. 
2.2.2 Thickness Measurements  
The thickness of the bare (Zn) and pre-treated (ZP) 
zinc layers was measured by the X-Ray fluorescence 
method (ASTM B568-2009 standard) using the Helmut 
Fischer mod. XDL-B equipment, while the 
corresponding to the dry paint film (ZPP samples) was 
measured according to the ISO 2808: 2007 standard 
using the Elcometer 300 coating thickness gauge. The 
thickness uniformity was evaluated by SEM of 
cross-sections after samples’ cracking in liquid nitrogen. 
2.2.3 Polyurethane Paint Film  
After the curing process, the following tests were 
carried out: 
Metal/paint adhesion: adhesion measurements were 
carried out using Tape Test based on the ASTM D 
3359-09e2 standard [61]. 
Porosity: it was evaluated according to the ASTM D 
5162-08 standard [62] by using the Elcometer 236 DC 
Holiday Detector; maximum applied voltage = 2,500 V. 
Gloss and colour: were respectively determined 
according to the ASTM D 523-08 [63], and the ASTM 
D 2244-11 [64] standards by using the BYK Gardner 
Spectro-Guide Sphere Gloss with 60° of incidence 
angle. 
Hardness: it was accomplished according to the 
ASTM D 3363-11 standard [65]. 
Flexibility: the 3.2 mm mandrel (equivalent to 28% 
of elongation) was chosen to perform this test 
according to the ASTM D 522-93a-08 standard [66]. 
One layer of the PU paint was applied on pre-treated 
steel panels and kept in laboratory atmosphere (RH 
65% ± 5% and 23 ± 2 °C) for 7 days. 
Blistering and rusting degrees: the size and 
frequency of blisters as well as the white rusting degree 
were evaluated according to the ASTM D-714-02/09 
and ASTM D-610/08 standards, respectively [67].  
2.2.4 Electrochemical Behaviour  
On each coated steel sample, and separated by a 
distance of 1-1.5 cm, two cylindrical tubes of 
transparent acrylic were fixed by means of an epoxy 
adhesive to get good adhesion to the substrate. The EIS 
measurements were carried out using a conventional 
electrochemical cell with the three-electrodes 
arrangement, where the counter and reference ones 
were respectively a Pt-Nb mesh and a Saturated 
Calomel Electrode (SCE), and the working electrode 
was the coated steel sample, placed horizontally 
looking upwards at tha bottom in a flat-cell 
configuration. Defined area = 15.9 cm2. All the 
measurements were performed at 22 ± 3 °C in open to 
the air 0.05 mol·L-1 NaCl solution. 
Impedance spectra in the frequency range 10-1 < f 
(Hz) < 105 were performed, in the potentiostatic mode 
at the corrosion potential (Ecorr), as a function of the 
exposure time in the electrolyte solution with a 
Solartron 1255 FRA® coupled to an Impedance 
Potentiostat-Galvanostat Omnimetra PG-19A® and 
both controlled by the ZPlot® program. The rms 
amplitude of the sinusoidal voltage signal applied to 
the system was 8 mV, and 10 points per decade were 
registered. The experimental spectra were fitted to 
model equivalent electrical circuits by using the 
Boukamp software [68], and the circuit components 
were laterly associated to the physicochemical process 
occurring in the system. All impedance measurements 
were executed with the electrochemical cell inside a 
Faraday cage to reduce external interferences as much 
as possible. The samples integrity was checked by 
measuring the corrosion potential after all the tests to 
confirm that the change from the initial value was no 
higher than ± 5 mV. 
Besides, the water diffusion, solubility and 
permeability coefficients of the painting system were 
determined just after immersion in the 0.05 mol·L-1 
NaCl solution. For this, the dielectric capacitance 
evolution was measured as a function of the immersion 
time until a constant value was attained. Such 
measurements were performed with the same 
equipment arrangement described above, in the 
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potentiostatic mode and at a frequency of 2 × 104 Hz. 
The coefficients value was estimated by using a 
method reported elsewhere [69]. 
Taking into account that the corrosion behaviour of 
passivated, painted and/or multi coated materials 
strictly depends on the production procedure, all the 
tests were carried out on three replicates of each sample 
type and the average results obtained for them are the 
reported in the following tables and figures. 
3. Experimental Results 
3.1 Characterization of Zn and ZP Samples  
Information related to the coatings morphology after 
the coating/drying process is highly significant since 
the presence of flaws such as pores, cracks, and/or 
other coating defects could produce areas were 
localized corrosion of the metallic surface starts from 
its exposure to a given environment [70, 71].  
The morphology of the pre-treated surface was 
observed by SEM at up to a maximum of 1,000 × (Fig. 
1a) and 10,000 × (Fig. 1b). As seen in Fig. 1a, the entire 
surface of ZP samples exhibits small spheres shaped 
particles which have a strong tendency to agglomerate, 
while the image in Fig. 1b shows the layer 
homogeneity and the presence of inorganic fillers 
within the zinc coating. 
As presented in Fig. 2, semi-quantitative elemental 
analysis made by SEM/EDXS on ZP samples surface 
 
   
(a) surface                                            (b) cross section 
Fig. 1  The SEM micrograph of the ZP sample as-received: (a) surface and (b) fractured cross section. 
 
Fig. 2  EDXS profile of the ZP sample. 
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indicated that the coating composition was zinc, silicon 
particles and other elemental impurities. Besides, from 
both Figures can be certainly inferred that the silicon 
particles added to the zinc bath for improving the 
coating tribological behaviour were dispersed within 
the polymeric matrix. The ZP layer average thickness 
estimated from the SEM of the cross sections was 
found to be about 12 ± 2 µm. 
3.2 Results of the Standardized Tests Carried Out on 
the Dry Paint Film Before and After the Exposure to the 
0.05 mol.L-1 NaCl Solution 
3.2.1 Adhesion 
Different studies have shown that in many cases the 
loss of adhesion is coincident with the presence of 
water at the metal/coating interface [59, 72, 73]. In the 
rather qualitative tape-test the scales used by the 
ASTM D-3359/09 standard to classify the specimens is 
from 0 B to 5 B, where 0 B corresponds to a very poor 
(percent of area removed greater than 65%) and 5 B to 
a very good adhesion (percent of area removed 0%), 
respectively. In the present case, once concluded the 
curing process of the polyurethane paint film, the 
pre-treated and painted electrogalvanized steel sheets 
(ZPP samples) were subjected to immersion in 0.05 
mol·L-1 NaCl solution for 69 days. At the end of these, 
the panels were re-inspected and classified.  
Before the immersion, the adhesion value was 5B, 
and after that it was 4B (percentage of area removed < 
5% inside and outside the cell). This minor adhesion 
loss (delamination) at the paint/zinc interface could be 
attributed to the break of chemical bonds between the 
polymer layer and the zinc surface, an effect known as 
“wet adhesion”. Such an effect has been related to 
rearrangements in the membrane structure due to the 
pressure of the water uptake [73] as well as to the 
strongly dielectric character of water which acts like a 
plasticizer and can modify the intermolecular cohesive 
forces. This is an extremely important effect in 
anticorrosive coatings since water, oxygen and ionic 
permeation increases as the glass transition 
temperature (Tg) decreases. 
3.2.2 Gloss and Colour 
Gloss measurements at 60º angle of observation 
performed before and after the immersion did not show 
noticeable changes. The average values were, 
respectively, 85 and 81.2, which indicate that the paint 
film behaved as a gloss of perfect white diffuser. Since 
this property is associated to the smoothness of the 
paint film, the slight decreasing was probably due to 
small changes of the polyurethane surface texture as a 
consequence of the water absorbed during the 
immersion. As well, the polyurethane film colour did 
not show any change in its chromaticity values. 
3.2.3 Porosity 
Before and after de immersion no pore was detected 
at 2500 V. This means that the entire surface of the 
paint film exhibited a suitable continuity, which was 
not modified by the test conditions. 
3.2.4 Hardness 
The polyurethane film hardness was determined in 
terms of pencils leads of known hardness. Before and 
after the immersion test, the measurements gave values 
harder than 6H, which specify a paint film classified as 
hard, property that did not change despite the 
aggressive exposure conditions. 
3.2.5 Flexibility 
The immersion of the painted samples in 0.05 M 
NaCl solution for 69 days gave rise to important 
changes in the stiffness of paint film. Before the 
immersion, the polyurethane paint film behaved 
satisfactorily since after bending no cracking, checking 
or flaking was observed but, at the end of the exposure, 
that underwent cracking. This change in the 
polyurethane film performance was ascribed to the fact 
that, as the exposure test elapsed, the paint film drying 
(crosslinking) process carried on leading to an increase 
of the paint film stiffness, which became more brittle. 
3.2.6 Blistering and Rusting Degrees  
The visual inspection made on replicates of the 
painted electrogalvanized steel panels suggests that a 
highly effective corrosion inhibitive action was 
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developed by the barrier polyurethane paint. After 69 
days exposure to aerated 0.05 M NaCl solution, the 
average values for blistering  and  rusting degrees 
were 10 and 10 which, according to the respective 
ASTM standards [67], pointed out that no one of the 
ZPP samples subjected to immersion evidenced any 
deterioration signal  able  to be detected by naked 
eye. 
3.3 Electrochemical and Corrosion Behaviour 
The barrier properties of painting systems are of 
great interest since they determine the water transport 
and/or dissolution and supply of pigments to the metal 
substrate. Water permeability and ionic diffusion as 
well as corrosion potential and impedance 
measurements provide insight related with those 
organic coating properties. In such sense, the 
heterogeneous nature of the electrical properties of 
polymeric films is physically represented as an also 
heterogeneous group of electrolitically conducting 
paths. Thus, in localized areas, the polymer does not 
behave like a dielectric but shows an electrolytic 
conductivity due to electrolyte dissolution within 
structural defects (free volume) of the polymer or as a 
consequence of its penetration through the film pores. 
In other localized regions, the coating has the 
properties of a relatively inert dielectric material. At 
the metal/organic coating interface, several complex 
processes of difficult interpretation may take place 
since after the corroding species (H2O, O2 and ionic 
species) permeation different electrochemical reactions 
are possible [74, 75].  
When painted and pre-treated steel plates are 
submerged in an aqueous solution, the water absorbed 
by the organic coating can dissolve some pigments. It 
is known that a high barrier effect or a low diffusion of 
corrosion inhibiting species can keep or accelerate the 
active state even if there is a significant pigment 
content in the paint film. Thus, it is difficult to 
determine whether the metallic substrate is passivated 
or not, particularly in the presence of anions like Cl-, 
which are capable of breaking the passivating layer [76, 
77]. This can be only balanced either by increasing the 
minimum anticorrosive PVC required to obtain such 
layer [76, 78, 79] and/or the paint film barrier 
properties using a properly chosen painting system. 
3.3.1 Water Permeability 
An ideal paint film should be impervious to 
penetration by both water and chemicals. However, as 
this type of film does not exist in practice, from the 
paint film concerns, barrier and permeability properties 
are of great interest because they control the corrosive 
chemicals transport through it as well as the active 
pigments dissolution and supply to the metal substrate. 
Reliable data on water permeability, corrosion 
potential and impedance evolution of coated metals 
provide valuable information to select and design the 
most adequate protective paint system for each 
practical situation. 
The value of water permeability coefficient was 
estimated from measurements of the parallel 
capacitance as a function of the immersion time [69] 
using a linear regression of the Carpenter equation [80], 
which defines the amount of absorbed water as follows: 
)tD/dπ(
2
0 22e
d
)φ(φ8D
dt
dφ −∞ ⋅−=  (1) 
Where, t, immersion time of the paint film (s); Φ, 
amount of water absorbed by the paint film at the time t, 
(g); Φ∞, amount of water absorbed by the paint film at t 
= ∞, (g); Φ0, amount of water absorbed by the paint 
film at t = 0, (g); d, paint film thickness, (cm); D, 
diffusion coefficient, (cm2·s-1). 
According to Ritter, et al. [81], it may be assumed 
that different amounts of water, oxygen and ions can 
permeate the coating in the first hours of immersion in 
saline solution. This process is explained by 
considering that the relatively small water molecules 
can permeate the organic coating and form hydrogen 
bonds with other water molecules in either liquid or 
solid state, as well as with polar groups present in 
materials with which they are in contact. Hence, water 
absorbed in the coating can form hydrogen bonds with 
hydrophilic or polar groups of the polymer and 
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permeation is followed by the spatial movement of 
water from high to low pressure levels. Part of the 
energy necessary for this movement is supplied by the 
thermal motion of the polymer molecules. As different 
polymers also have different mobility, the water faces 
different degrees of resistance in permeating through 
them. This resistance is related to the cross-linking 
degree in the polymer as well as to the penetrating 
molecule size. In a highly cross-linked product the 
randomness due to the movement of chain segments 
and the formation of free spaces is restricted, reducing 
the diffusion rate and consequently the permeation of 
the absorbed species.  
Taking these concepts into account, in permeability 
measurements the random values of the impedance 
vector after 15-20 min immersion are probably related 
to rearrangement in the membrane structure due to the 
pressure of the water uptake as well as to the strongly 
dielectric character of water which acts like a 
plasticizer and can modify the intermolecular cohesive 
forces [73]. This is particularly very important in 
anticorrosive coatings since water, oxygen and ionic 
permeation increases as the glass transition 
temperature (Tg) decreases.  
In the present work, an approach to the barrier 
properties of the polyurethane paint film took place by 
estimating its water diffusion (D), solubility (S) and 
permeability (P) coefficients, which are associated to 
the mobility of the water molecules (diffusion) and the 
amount of water dissolved within (i.e., at the free 
volume) the coating (solubility). The obtained average 
values were: D = 5.48 × 10-10 cm2·s-1; S = 0.036 
(Adimensional); and P = 1.95 × 10-11 cm2·s-1.  
By comparing these results with those reported 
elsewhere [69], it may be assumed that the whole 
polyurethane layer was intact, continuous and highly 
crosslinked.  
3.3.2 Time Dependence of the Corrosion Potential 
(Ecorr) 
Fig. 3 illustrates that just after immersion in the 0.05 
mol·L-1 NaCl solution, the corrosion potential (Ecorr) of 
Zn samples shifted quickly towards more negative 
values due to the surface layer of ZnO dissolved 
leaving the more reactive zinc particles exposed to the 
electrolyte. Then, the continuous but slight changes of 
the Ecorr towards more positive observed from the first 
day of immersion may be ascribed to a decreasing of 
the [Zn2+] in the electrolyte solution caused by the fact 
that the deposition rate of Zn2+ as oxide/hydroxides 
was somewhat greater than its production from the zinc 
dissolution reaction. In other words, such an increase 
started when the white corrosion products deposited on 
the zinc layer where dense enough as to diminish the 
zinc dissolution rate. 
With regard to the ZP samples, Fig. 3, the initial Ecorr 
value of about -1.02 V/SCE shifted to about -0.98 
V/SCE after 6 hours immersion, and then moved 
slowly up to reaching -1.08 V/SCE. This evolution 
shows that at the beginning of the test, the Ecorr of the 
ZP samples was about 0.040 V more negative than that 
of the Zn samples but, after 6 hours, the displacement 
of both potentials was quite similar up to the end of the 
respective tests, i.e., 12 and 3 days of exposure. 
Therefore, at first glance and based only on this result 
would be possible to infer that the nanosilicate particles 
addition to the electrogalvanizing bath did not improve 
the corrosion performance of the zinc layer. 
The time dependence of the corrosion potential (Ecorr) 
values measured for painted metals has been 
questioned  with  regard  to  its  use as a technique for 
 
 
Fig. 3  Evolution of Ecorr of Zn, ZP and ZPP samples at 
selected immersion times in aerated 0.05 mol·L-1 NaCl 
solution. 
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evaluating the anticorrosive resistance of organic 
coatings [82]. However, its changes as a function of the 
exposure time to aqueous media have been 
successfully used as a simple tool to study the 
corrosion protection afforded by organic coatings 
[83-85]. Depending upon the microstructure of the 
paint coating, especially its polymerization degree, a 
certain period elapses until electrolyte penetration 
channels are established through which the underlying 
metal comes into contact with the medium. So, it is not 
surprising that, when a compact structure and high 
crosslinking level are accompanied by an also high film 
thickness, a few days of testing is not enough time for 
the electrolyte to enter in contact with the base metal of 
coated specimens, form the electrochemical double 
layer, and enable the measurement of a corrosion 
potential.  
Fig. 3 shows the corrosion potential (Ecorr) values 
measured for the ZPP samples exposed to 0.05 mol·L-1 
NaCl solution. As can be seen, the Ecorr value 
measured just after immersion was about -0.8 V/SCE, 
but after 1 day it shifted at about -0.92 V/SCE, a value 
near to the measured for the Zn and ZP samples, even 
though for the ZPP samples it remained almost 
constant during the whole test. This means that, at least 
from the thermodynamic point of view, the protective 
properties offered by the paint layer were not enough as 
to avoid the water diffusion until the surface of the 
underlaying metallic substrate.  
3.3.3 Impedance Spectra  
As first stage, a comparative analyses of the EIS 
spectra coming from the bare (Zn), pre-treated (ZP) as 
well as pre-treated and painted (ZPP) 
electrogalvanized steel samples immersed in naturally 
aerated 0.05 mol·L-1 NaCl solution was performed on 
the basis of complex plain (Nyquist) and Bode 
diagrams. Fig. 4 illustrates the EIS spectra 
corresponding to the three samples type exposed for 3 
days, while Fig. 5 presents the Nyquist plots for the ZP 
and ZPP samples at longer (and selected) exposure 
times. 
Just after the exposure, the EIS plots of the Zn 
samples show two time constants more or less well 
defined, as depicted in Fig. 4. Then, as the exposure 
time elapsed, they tended to overlap entirely indicating 
that the relaxation processes took place at the same 
time and, consequently, only one flattened semicircle 
could be observed. However, as it will be after 
discussed, each flattened semicircle could contain 
more than one time constant (τ) since they overlap 
when the τi/τi+1 < 5 [86]. Besides, such semi-circle 
flattening also provides an indication of the surface 
roughness in such a way that being this perfectly 
smooth appears as a perfect semi-circle and the 
sphericity decreases with increasing roughness [87, 
88]. According to this, it can be assumed that as the 
zinc dissolves in the test solution, the surface profile 
become progressively more irregular. Some authors 
[89-91] reported that the zinc dissolution process 
involves a reversible step with an intermediate Zn (I) 
species adsorbed on the zinc surface and its further 
oxidation giving soluble Zn (II) [92].  
Taking into account that the maximum impedance (|Z|) 
values for ZP samples were less or equal than 1 × 103 Ω 
at the lowest frequency, an increase of its corrosion 
resistance would be highly desirable. With this purpose, 
silicate nanoparticles were added to the 
electrogalvanizing bath. 
The result of such addition was the ZP samples, 
whose EIS plots are also shown in Fig. 4 for 3 days of 
immersion. As can be seen, from the beginning of the 
test at least two time constants were well defined, and 
the maximum impedance value at the low frequency 
limit of the corresponding spectra was slightly greater 
than that for the Zn samples. 
The comparative tests for 3 days of exposure were 
completed by using the electrogalvanized 
steel/polyurethane paint system (ZPP), Fig. 4. In this 
case, the Nyquist diagrams showed very large slopes 
with an almost vertical to the horizontal axis, while the 
Bode diagram displayed straight lines with the slope 
close to 1. An impedance value greater than 1 × 108 
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(a)                                         (b) 
Fig. 4 Representative Nyquist (a) and Bode (b) diagrams of the Zn, ZP and ZPP electrogalvanized steel samples for 3 days 
immersion in aerated 0.05 mol·L-1 NaCl solution. 
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Ω·cm2, and a phase angle close to 90º for nearly all the 
frequency range covered in the measurement, shows at 
this time an effective insulating layer of paint and, 
hence, a well protected metallic substrate. 
The immersion test was followed up to 12 days for 
the ZP samples (see inset in Fig. 5), and 69 days for 
ZPP samples, Fig. 5. The Nyquist diagrams 
corresponding to the ZP samples showed two clearly 
separated time constants at 5 and 12 days, but certain 
overlapping of them at 7 days exposure. Likewise, for 
the ZPP samples can be seen that the purely capacitive 
behaviour, characteristic of a highly effective barrier 
film, remained without significant changes up to 21 
days of immersion, time at which a well defined 
capacitive loop was observed. As the time went on, the 
radius of the semicircle in Nyquist plots decreased. 
This shows that the dielectric capacitance of the paint 
film increased gradually due to electrolyte permeation 
and, as a result, the protective performance reduced.  
3.3.4 Equivalent Circuit Models 
The underlaying pre-treated electrogalvanized steel 
as well as the painting system deterioration has a 
complex nature, consequently, to interpret and explain 
in electrochemical terms the time dependence of the 
acquired impedance data, it has been necessary to 
propose the equivalent circuit models shown in Fig. 
6a-c. Each equivalent circuit corresponds to the parallel 
and/or series connection of resistors and capacitors 
simulating a heterogeneous arrangement of 
electrolitically conducting paths. In the three 
equivalent circuit models required by the present study, 
R symbolized the electrolyte resistance between the 
reference and working (coated steel) electrodes, but the 
remaining electrical and electrochemical 
resistive-capacitive parameters forming part of the 
transfer function derived from the most probable 
equivalent circuit [68] used in each case were 
associated to different interfacial processes [28, 93-96]. 
 
 
Fig. 5  Representative Nyquist diagrams of ZP and ZPP samples for selected immersion times in aerated 0.05 mol·L-1 NaCl 
solution. 
Corrosion Resistance of Steel/Zinc with Silicate Nanoparticles/Polyurethane  
Paint Systems in NaCl Solution 
  
704
 
Hence, for fitting the impedance spectra of Zn samples 
the circuit shown in Fig. 6a was used, where Rt 
represented the charge transfer resistance and Cdl the 
electrochemical double layer capacitance related to the 
faradic process, while the couple R1C1 was the 
contribution of the dissolution reaction intermediates to 
total impedance of the working electrode. In the case of 
ZP samples, Fig. 6b, Rc characterized the pre-treatment 
layer resistance to the electrolyte diffusion and Cc the 
dielectric capacitance of the intact part of the same film. 
Once the permeating and corrosion inducing chemicals 
(water, oxygen and ionic species) reach 
electrochemically active areas of the substrate, 
particularly at the bottom of the coating defects, the 
zinc corrosion become to be measurable so that its 
associated parameters, Cdl and Rt as well as the couple 
R1C1, associated to the contribution of the dissolution 
reaction intermediates to the overall impedance of the 
working electrode, can be estimated. Finally, in the 
model used for fitting the ZPP samples impedance data, 
Fig. 6c, Rc represented the polyurethane paint plus the 
polymeric coating resistance to the electrolyte 
diffusion and Cc the dielectric capacitance of the intact 
part of the same film, while the couple RtCdl were 
related to the underlying zinc corrosion [97, 98]. 
Distortions observed in these resistive-capacitive 
contributions indicate a deviation from the theoretical 
models in terms of a time constants distribution due to 
either lateral penetration of the electrolyte at the 
electrogalvanized  steel/paint interface (usually 
started at the base of intrinsic or artificial coating 
defects), underlying galvanized steel surface 
heterogeneity (topological, chemical composition, 
surface energy) and/or diffusional processes that could 
take place along the test [74, 75]. Since all these factors 
make the impedance/frequency relationship to be 
non-linear, they are taken into consideration by 
replacing one or more capacitive components (Ci) of 
the equivalent circuit transfer function by the 
corresponding constant phase element Qi (CPE), whose 
impedance dispersion relation is given by [28, 68]:  
Z = (jω)-n/Y0, and n = CPE power = α/(π/2) (2) 
Difficulties in providing an accurate physical 
description of the occurred processes are sometimes 
found. In such cases, a standard deviation value (χ2 < 5 
× 10-4) between experimental and fitted impedance 
data may be used as final criterion to define the most 
probable circuit. 
According to the impedance spectra dispersion, the 
fitting process was performed using either the 
dielectric capacitance Ci or the phase constant element 
Qi, however, the Ci parameter was used in the 
following plots to facilitate the results visualization and 
interpretation. 
 
 
(a) 
   
(b)                                               (c) 
Fig. 6  Equivalent circuits for the fitting of, (a) ZP and (b) ZPP samples during their immersion in aerated 0.05 mol·L-1 NaCl 
solution. 
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3.3.5 Time Dependence of the Impedance 
Resistive-Capacitive Components 
According to the bibliography [99, 100], the 
interpretation of the impedance spectra shown in Fig. 4 
for the Zn samples support the existence of an anodic 
dissolution mechanism in two stages involving the 
presence of at least one reaction intermediate. From the 
proposed equivalent circuit, the samples’ performance 
can be evaluated in terms of Rt values, which are 
inversely proportional to the corrosion rate. In addition, 
taking into account the transfer function derived from 
the equivalent circuit model, the magnitude of the total 
resistance corresponding to the impedance value 
extrapolated to frequencies tending to 0 of the zinc 
dissolution reaction occurring in two stages is given by 
Rt + R1, i.e., the resistance Rp measured with DC 
technique [101]. 
Fig. 7a presents the time dependence of Rt values for 
Zn samples. As can be seen for the first day of  
immersion, such values were stable and not too low (≅ 
1.104 Ω·cm2), possibly due to the presence of a ZnO 
layer, and this evolution was in agreement with the 
slight variation of the Ecorr. As the time elapsed, it 
increased to about 6 × 104 Ω·cm2 but at the third day 
decreased to about 1 × 103 Ω·cm2; in both cases the 
Ecorr shifted towards more positive and close to the 
initial values, between -1.04 and ≈ -1.00 V/SCE. 
Therefore, the initial tendency suggests that neither the 
corrosion rate nor the electrochemically active area of 
the zinc layer changed significantly during the first day 
of immersion probably due to the presence of a ZnO 
layer covering the zinc particles. After 1 day of 
immersion, Rt started a slow increase mainly because: a) 
the active surface became totally covered by precipitated 
corrosion products (zinc oxides and hydroxides) with 
lower electrical conductivity than that of the electrolyte, 
and/or b) the adsorption of these products in detriment 
of the dissolution reaction intermediates, which, 
associated with the coverage degree of the reactive 
surface, influence the behaviour of both the Rt and R1 
 
 
Fig. 7  Evolution of (a) logRt, (b) logCdl, (c) logR1, (d) logC1, impedance parameters of Zn samples at selected immersion 
times in aerated 0.05 mol·L-1 NaCl solution. 
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(Fig. 7c) resistances. The subsequent decreases of Rt 
could be explained in terms of the dissolution of new 
and electrochemically unstable localized surface areas, 
which, in turn, led to an increase of the adsorption 
intermediates concentration and, as a result, of R1.  
The variation of the electrochemical double layer 
capacitance (Cdl) values for 3 days of immersion is 
represented in Fig. 7b. During all this time this 
capacitance remained stable and close to 1 × 10-4 F·cm-2. 
The fact that the values of these two parameters depend 
inversely (Rt) and directly (Cdl) on the 
electrochemically active area size, but their changes 
did not follow linearly such a dependence could be 
explained assuming that both parameters would be 
affected by slightly different areas [98] due to the zinc 
dissolution reaction was coupled to the 
absorption-desorption processes of the reaction 
intermediates.  
On the other hand, the C1 evolution (Fig. 7d) would 
be associated to a competitive effect between the 
fluctuation rate of the sorption area size and the 
thickness of the products involved in this process. 
According to this hypothesis, just after immersion, the 
adsorption area increased faster than the adsorbed layer 
thickness, therefore C1 increased but then, when the 
layer became thicker, compact and dense making that 
the reaction area was limited to the size of the 
electrochemically active surface, both rates reached a 
quasi-equilibrium enabling that C1 remained almost 
constant.  
Fig. 8a illustrates that at the first day of exposure the 
resistance (Rc) of the ZP samples decreased quickly, 
while the coupled capacitance (Cc) increased quickly 
due to the electrolyte solution permeating the pores of 
the thin coating matrix covering the zinc layer. 
However, from the end of the day Rc increased while 
Cc increased. Then, as the immersion time went on, 
both parameters showed a fluctuating evolution for the 
12 days of testing. Changes in Rc values could be 
explained in terms of blockage of the coating pores by 
accumulation of zinc corrosion products (Rc increases), 
and the periodical appearance of new conducting paths 
in less resistant areas of the coating (Rc decreases). On 
the other hand, the fluctuations observed in Cc values 
are related to water absorption-desorption of water in 
the free volume within the pre-treatment layer 
structure (Cc increases) caused by the 
formation-accumulation-diffusion towards the 
electrolyte bulk of the zinc corrosion products which 
have a dielectric constant significantly less than that of 
the free or associated water molecules. With regard to 
the zinc corrosion mechanism at the bottom of the thin 
coating pores, represented by the RtCdl and R1C1 time 
constants, it is thought that even if the reactions were 
kinetically different because the involved areas were 
smaller, the mechanism would be the same than the 
described for the Zn samples. 
Analysis of the impedance spectra in terms of the 
equivalent circuit model of Fig. 6c allowed for the Rc 
and Cc, as well as Rt and Cdl parameters for ZPP 
samples were evaluated. Changes of these as a function 
of the exposure time to the electrolyte solution are 
plotted in Figs. 8a-8d. Within the first day of 
immersion the resistance Rc decreased quickly from 
about 1 × 108 Ω·cm2 to ≈ 4.106 Ω·cm2, Fig. 8a, while 
the capacitance Cc value remained at about 1 × 10-10 
F·cm-2, Fig. 8b. Accordingly to the also fast shift of the 
Ecorr from -0.8 V/SCE to -0.92 V/SCE in the same lapse, 
it may be supposed that only a very small volume of 
electrolyte solution permeated through the organic 
coating structure and arrived to the zinc/coating 
interface. Then, during the whole test, the Rc values 
ranged from 106 Ω·cm2 to 108 Ω·cm2, i.e., equal or 
higher than the generally accepted value (106 Ω·cm2) 
for protective coatings [102], while the corresponding 
to Cc (≈ 10-9-10-10 F·cm-2) were the characteristics of an 
intact paint coating, and demonstrative that it actually 
behaved like a dielectric capacitor throughout the 
immersion test. In summarize, the relatively good 
stability and protective properties inferred from the Rc 
and Cc values were interpreted as the variation of both 
the test solution resistivity and the geometric area in the 
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Fig. 8  Evolution of (a) log Rc, (b) log Cc,(c) log Rt, (d) log Cdl, (e) log R1, (f) log C1, impedance parameters, of ZP and ZPP 
samples at selected immersion times in aerated 0.05 mol·L-1 NaCl solution. 
 
conducting pathways within the paint film related with 
the intact part of the same film was almost negligible 
along the test. 
The experimental results plotted in Figs. 8c-8d 
support that probably due to the low (75 ± 5 µm) paint 
film thickness there was no induction period before the 
second time constant was identified at low frequencies. 
This time constant, RtCdl, was associated to a faradaic 
process whose contribution to the overall impedance of 
the tested samples was meaningful during the whole 
trial. As such period is related to the protective capacity 
of the paint coating, consequently, it is also associated 
to the delay to form the electrochemical double layer 
on the underlying metal surface. As can be seen in this 
figure, changes of the parameters governing the zinc 
corrosion process (Rt and Cc) took place mainly within 
the first 14 days of immersion with Rt values, which are 
inversely proportional to the corrosion rate, varying in 
the range 106-108 Ω·cm2, Fig. 8c, and the 
corresponding to Cdl between 10-10 and 10-8 F·cm-2, Fig. 
8d. Since the values of these coupled parameters are 
inversely (Rt) and directly (Cdl) related to the 
electrochemically active area of the zinc substrate but 
their variations did not follow linearly this rule, it was 
assumed that during this period they could be affected 
by different areas instead of the total electrode area 
commonly used when the corresponding values are 
expressed by square centimetre [98]. The subsequent 
very slow deterioration process of the protective 
coatings up to the end of the test enabled that Rt started 
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to decrease from ≈ 7 × 107 Ω·cm2 to 1 × 106 Ω·cm2, 
while at the same time Cdl increased from ≈ 10-10 F·cm-2 
to 6 × 10-7 F·cm-2.  
4. Conclusions 
From the results generated during this investigation 
the following conclusions can be made with respect to 
the tested samples: 
Dynamic system analysis with small perturbation 
allowed the determination of system specific 
parameters which characterize the deterioration of 
coated electrogalvanized steel with immersion time in 
0.05 M NaCl solution. Also the water uptake in the 
early stage of exposure from the rate of changes in the 
paint dielectric capacitance was determined. Corrosion 
of painted/pre-treated electrogalvanized steel involves 
defect formation, penetration of corrodents, loss of 
adhesion, and attack of the substrate. 
Even though in some cases the effects of different 
processes overlap, EIS showed to be a sensitive and 
reliable tool in evaluating the coated steel system 
degradation as a function of the immersion time and in 
monitoring the variations of the parameters associated 
to the physicochemical processes leading to such 
degradation. However, a simple qualitative analysis of 
the impedance spectra evolution could be too 
ambiguous to take out conclusions beyond the question. 
By this reason a proper fitting procedure as well as 
selection of the more significant electrical and 
electrochemical parameters was quite necessary.  
All laboratory tests involved in this work were useful 
to characterize the bare or painted metallic surface 
allowing for understanding the behaviour of the studied 
system subjected to standardized (blistering, rusting, 
adhesion, porosity, gloss, colour, hardness, flexibility) 
as well as SEM, EDXS, and electrochemical 
(impedance spectra, corrosion potential) tests. Based 
on the good correlation between them, but mainly in 
the fact that they were demonstrative of the very slow 
deterioration rate of the barrier topcoat polyurethane 
paint/pre-treated electrogalvanized steel sheets/aerated 
0.05 M NaCl solution, it was possible to assume that if 
a similar but thicker coating system is properly applied, 
it could be an acceptable alternative for protecting this 
type of substrate subjected to also similar exposure 
conditions. 
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